To date, research on heat pumps (HP) has mainly focused on vapour compression heat pumps (VCHP), transcritical heat pumps (TCHP), absorption heat pumps, and their heat integration with processes. Few studies have considered the Joule cycle heat pump (JCHP), which raises several questions. What are the characteristics and specifics of these different heat pumps? How are they different when they integrate with the processes? For different processes, which heat pump is more appropriate? To address these questions, the performance and integration of different types of heat pumps with various processes have been studied through Pinch Methodology. The results show that different heat pumps have their own optimal application range. The new JCHP is suitable for processes in which the temperature changes of source and sink are both massive. The VCHP is more suitable for the source and sink temperatures, which are near-constant. The TCHP is more suitable for sources with small temperature changes and sinks with large temperature changes. This study develops an approach that provides guidance for the selection of heat pumps by applying Process Integration to various combinations of heat pump types and processes. It is shown that the correct choice of heat pump type for each application is of utmost importance, as the Coefficient of Performance can be improved by up to an order of magnitude. By recovering and upgrading process waste heat, heat pumps can save 15-78% of the hot utility depending on the specific process. Energies 2020, 13, 635 2 of 25 the HP industry has advanced rapidly, and all countries have attached great importance to HP research. Large HP development plans have been instituted by countries and organisations such as the European Community and the International Energy Agency. At present, Europe, America and Japan are competing to develop new types of HPs. 1.2. State of the Art Review Traditional HP technologies include the vapour compression heat pump (VCHP) [2], absorption heat pump [3], and transcritical heat pump [4]. Pavlas et al. [5] developed a Process Integration methodology for an HP integrated with a biomass gasification process of a wood processing plant. Liew and Walmsley [6] adopted a Total Site targeting method to integrate open cycle VCHP for enhancing overall site energy efficiency. Walmsley [7] presented a Total Site Heat Integration (TSHI) method for integrated evaporation systems using a HP (vapour recompression) effectively with application to milk concentrating. Walmsley et al. [8] performed a Pinch Analysis of hybrid compression-absorption HP process for convective dryers by employing to simulation and optimisation tools. Stampfli et al. [9]
Introduction

Background
In the 21st century, energy crises, global warming and environmental pollution are becoming more and more serious. It is urgent to improve energy efficiency, save energy and reduce emissions. One of the critical issues is to valorise low potential waste heat instead of rejecting it. Appropriate integration of heat pumps has the characteristics of efficient recovery of low-temperature heat energy, hot utility energy-saving and potentially environmental protection. Heat pumps (HP) continue to receive considerable attention and development and are becoming a critical sustainable energy technology.
Sadi Carnot [1] , a French scientist in the early 19th century, first proposed the "Carnot Cycle" theory in his paper in 1824, which became the origin of HP technology. In 1912, the world's first set of HP equipment was successfully installed in Zurich, Switzerland with river water as the low heat source for heating. HPs entered the early stage of development from the 1940s to the early 1950s. HPs used in household, and industrial buildings began to enter the market. Since the 1970s, The setting of various parameters considers possible process configurations. All COP curves and heat duties in the GCC for process and HP integration will be plotted against the actual data calculated in Petro-SIM. The choice of HP type should be performed based on the temperature-enthalpy profile of the considered industrial process for obtaining optimal performance. In this paper, the performance and application scope of three different HP systems-JCHP, VCHP, and TCHP-are discussed and compared to understand the energy-saving potential of applying the HP. Section 2 introduces the simulation and optimisation of the considered HP types and the method of integration with the process for achieving heat recover. In Section 3, the suitability of the HP types to different temperature-enthalpy (T-H) profiles is evaluated, aiming at the minimisation of power consumption. The optimal COP of each integration case was obtained by optimising the operating parameters of the HP when given source and sink at different temperatures. In Section 4, the model is further applied to the integration of HP and different industrial process cases using Pinch Analysis, and the energy-saving potential of different types of HP is evaluated using the GCC [28] .
Method
The main goal of heat pumping is to serve, simultaneously, part (or all) of the process heating and cooling demands, via heat upgrading from lower to higher temperatures. In Process Integration terms [28] , this means taking heat from below the Pinch and returning it to the process above the Pinch. The current method has to assist engineers in the selection of the best HP type for a given process configuration. COP is the criterion indicating the quality of the solution because higher COP means serving the process at the expense of lower external energy input. The method follows the algorithm shown in Figure 1 . calculated in Petro-SIM. The choice of HP type should be performed based on the temperatureenthalpy profile of the considered industrial process for obtaining optimal performance. In this paper, the performance and application scope of three different HP systems-JCHP, VCHP, and TCHP-are discussed and compared to understand the energy-saving potential of applying the HP. Section 2 introduces the simulation and optimisation of the considered HP types and the method of integration with the process for achieving heat recover. In Section 3, the suitability of the HP types to different temperature-enthalpy (T-H) profiles is evaluated, aiming at the minimisation of power consumption. The optimal COP of each integration case was obtained by optimising the operating parameters of the HP when given source and sink at different temperatures. In Section 4, the model is further applied to the integration of HP and different industrial process cases using Pinch Analysis, and the energy-saving potential of different types of HP is evaluated using the GCC [28] .
The main goal of heat pumping is to serve, simultaneously, part (or all) of the process heating and cooling demands, via heat upgrading from lower to higher temperatures. In Process Integration terms [28] , this means taking heat from below the Pinch and returning it to the process above the Pinch. The current method has to assist engineers in the selection of the best HP type for a given process configuration. COP is the criterion indicating the quality of the solution because higher COP means serving the process at the expense of lower external energy input. The method follows the algorithm shown in Figure 1 . 
Step 1: Process Integration with Pinch Analysis
Pinch Methodology [29] is a method to calculate thermodynamically feasible energy targets based on thermodynamic principles and analysis. The GCC [25] illustrates the difference between the heat available from hot streams and the heat required by cold streams at every temperature level, identifying the residual heating and cooling demands of the process, to be covered by external utilities. A key property of these targets is that both loads and temperatures of the utility targets are identified. In this study, the process is firstly analysed by Pinch Analysis. The target duties of cold 1. Process Integration with Pinch Analysis following the GCC, determine the duties of cold and hot utilities required by the process, and the inlet and outlet temperatures of the source and sink.
2. Build and simulate various heat pumps in Petro-SIM. The heat pumps are simulated according to the data of Step 1.
3. Optimise the heat pumps. By establishing the optimisation objective function of the heat pump, setting the range of independent variables and adding constraints based on Step 2.
4. Use Pinch Analysis to integrate the heat pump with the process. The GCC of heat pump and process integration is obtained according to the optimisation results of Step 3.
A series of different Processes
Integration with heat pumps through repeated Steps 1-4.
6. Discuss and analyse the results. Select suitable heat pumps for different processes. 
Step 1: Process Integration with Pinch Analysis
Pinch Methodology [29] is a method to calculate thermodynamically feasible energy targets based on thermodynamic principles and analysis. The GCC [25] illustrates the difference between the heat available from hot streams and the heat required by cold streams at every temperature level, identifying Energies 2020, 13, 635 5 of 25 the residual heating and cooling demands of the process, to be covered by external utilities. A key property of these targets is that both loads and temperatures of the utility targets are identified. In this study, the process is firstly analysed by Pinch Analysis. The target duties of cold and hot utilities required by the process are determined, and the inlet and outlet temperatures of the heat source and heat sink for heat pumping are selected, using the GCC.
Step 2: Build and Simulate Different Heat Pumps
The HPs are simulated according to the data of the heat source and heat sink of Step 1. It takes the temperatures and the required heating or cooling duty of the process. In this work, JCHP, VCHP, and TCHP have been simulated by Petro-SIM [27] , as shown in Figure 2 . The use of Petro-SIM is similar to Aspen Hysys, as both are fork projects of the Hyprotech Hysys versions in the past. The main advantage of using Petro-SIM is that KBC has added dedicated modelling components for energy-related process units, such as boilers, turbines, compressors and HPs.
Fluid packages are based on the Peng-Robinson model [30] in combination with the Lee-Kesler Equation of State as a standard package in Petro-SIM.
Referring to the cases in Figure 2 the similarities between the three different HP cycles are as follows.
•
The working fluid enters the Compressor to increase the pressure and temperature.
The working fluid then heats the Process Heat Sink (the sink) in a heat exchanger (HX unit named "Hot-side-HX") and is cooled down.
Then the pressure and temperature of the working fluid are reduced through the Expander or let-down valve (VLV).
At the next step, the working fluid absorbs heat from the Process Heat Source (the source) in a Cold-side-HX or Evaporator unit.
The working fluid finally returns to the Compressor to complete the cycle.
A critical difference is that the working fluid of a JCHP always maintains the working fluid in a gaseous state. After being cooled by the Sink, the working fluid, generates work through the Expander in the JCHP, as shown in Figure 2a , instead of using a let-down valve as in the other two cycles. In a VCHP, the working fluid has a phase change in both heat exchangers. In the Hot-side-HX, it is condensed from a gas to a liquid phase. In the Cold-side-HX, it is heated from the liquid phase to the gas phase, as shown in Figure 2b . In a TCHP, an intermediate heat exchanger is often added, and the working fluid follows a transcritical cycle, as shown in Figure 2c .
To make the simulated HP reflecting the performance of the real HP very closely, it is necessary to specify reasonable values of the device parameters in the simulation case, matching as close as possible the HP cycle and its measured indicators-mainly temperatures, pressures of the working fluid, the minimum approach temperature (∆T min ) of the heat exchangers and the isentropic efficiency of the compressor and expander. ECOP [23] has developed a special rotation HP with embedded compressor/expander that achieves high entropy efficiency for a JCHP. In this study, the JCHP model adopts the performance characteristics of that specific compressor/expander [23] . A common turbocompressor unit is used as the compressor of VCHP and TCHP, which is the most used type for industrial-scale HPs [31] . A formula for the relationship between the isentropic efficiency and compression ratio of compressors was proposed by Wang et al. [32] . It is assumed that the recoverable waste heat duty of process streams is known to recover waste heat of process in this study. This can be achieved by a "Adjust" unit (ADJ; Figure 2 ) to regulate the flow of the working fluid or source to fix the heat duty of the Cold-side-HX when the process stream as the source for a HP. When the process stream as the sink of a HP, this can be achieved by adjusting the flow of the working fluid or sink to fix the heat duty of the Hot-side-HX. 
Step 3: Optimise the Heat Pumps
Based on Step 2, the HP operating variables are optimised, and the optimal performance result is obtained by establishing the optimisation objective function of the HP, setting the range of independent variables and adding constraint conditions of the equation in Petro-SIM. It is necessary to optimise the HP based on the simulation to obtain its best performance. Petro-SIM has a multivariable optimiser. The optimiser can be used to optimise selected independent variables within defined ranges when a simulation converges, to minimise or maximise the objective function. The optimisation functionality of Petro-SIM can manipulate multiple process variables. It can be used for constrained optimisation expression with some flexibility, such as solving the objective function to maximise profit or minimise utility consumption. The iterative calculation method of the Optimiser in Petro-SIM is based on the IPOPT solver [27] . In this study, the HP system is optimised by adding an Optimiser unit in the Petro-SIM simulation. In the Optimiser, the independent variables, objective and constraints are defined to perform the optimisation. In this study, the optimisation independent variables were set as the outlet pressure (or temperature) of the Compressor and the outlet pressure (or temperature) of the Expander/VLV. The constraints are set as the ∆T min of the HXs. The optimisation objective function is COP of the HP. The performance of a HP is generally evaluated by the COP. The COP of a HP is defined in Equation (1) [33] .
and
where: Q h -Heat output of the heat pump, kW; W-Electrical or power consumption of the HP, kW. The identification of the HP behaviour and best performance is performed by maximising the COP value of the HP under consideration, using the model set up in Petro-SIM [27] . The specifications of the temperatures and duties are varied within ranges expected from the considered process type, and the behaviour of the system is investigated. The procedure then provides the best HP-process configuration with the optimal values of the pressures after the compressor and the expander of the selected HP.
Step 4: Integrate the Heat Pump with the Process
At the next step, Pinch Analysis is used to integrate the HP with the process. The placement of the HP is configured following the outcomes from the previous step. When a HP is integrated with a process, the choice of a HP system depends on the operating temperature and the heat loads below and above the Pinch. In this part, the calculation results of the HPs are plotted against the GCC of the considered process, and the optimal results are linked to the GCC profiles, including the required duties and temperatures. In this way, engineers applying the method can get a better understanding of the optimal results.
The GCC of a HP and an illustrative process is shown in Figure 3 . The appropriate placement of a HP means that the heat must be recovered from below the Pinch and released above the Pinch [34] . Improper placement on either side of the Pinch will result in lower energy efficiency. The figure has two lines representing each heat exchange between the HP and the process. The thick dashed lines represent the heat transfer taking place inside the HP block-absorbing and releasing heat. The thin dashed lines represent the heat exchange directly with the process. These form extra heat circuits for minimising the probability of contamination of the internal HP fluids. All other GCC figures in this paper follow the same convention. The GCC of the TCHP is shown in Figure 3c . The working fluid of TCHP is evaporated when the heat is absorbed from the process source. The heat release to the process sink takes place at supercritical conditions of the working fluid. This is why the working fluid temperature of TCHP remains constant during heat absorption from the source but changes significantly during the heat release to the sink. The evaporation curve (blue dashed line) is a horizontal straight line, whereas the heat release curve (red dashed line) is an oblique curve, as shown in Figure 3 .c. 
Step 5: Evaluation of The Heat Pump Suitability to Different Process GCC Profiles
The heat duties, inlet and outlet temperatures of the heat source and sink vary among different processes. Pinch Analysis with HP placement is used, performing Steps 1-4 for a set of GCC profiles representing processes with different thermal properties. The T-H diagrams of different processes are shown in Figure 4 . The configurations shown represent pairs of process heat sinks and sources of a gradual, steep and medium slope. Combinations of these are possible, but the three configurations in Figure 4 . are the basic ones, which help to understand the major trends. Each of these types of profiles implies a different degree of compatibility with the HP types considered in this work. The compatibility can be qualitatively assessed on the temperature-entropy (T-S) diagrams combining the process heat source/sink profiles with the HP profiles. Such plots are The example GCC of the JCHP is shown in Figure 3a . In the JCHP cycle, the working fluid remains in a gaseous state during the whole cycle of heat exchange with the process source and sink as well as the compression and expansion. This results in certain variations of the JCHP working fluid temperature. The heat absorption curve (blue dashed line) and heat release curve (red dashed line) are both oblique straight lines, as shown in Figure 3a . The working fluid slope of a JCHP is relatively large in GCC.
The example GCC of the VCHP is presented in Figure 3b . The working fluid of a VCHP is evaporated during heat exchange with the source and is condensed during heat exchange with the sink, so the phase transition occurs. The temperature of the working fluid of VCHP almost unchanged in exchange heat with the source or sink. The evaporation curve (blue dashed line) and condensation curve (red dashed line) are horizontal straight lines (i.e., minimal temperature change).
The GCC of the TCHP is shown in Figure 3c . The working fluid of TCHP is evaporated when the heat is absorbed from the process source. The heat release to the process sink takes place at supercritical conditions of the working fluid. This is why the working fluid temperature of TCHP remains constant during heat absorption from the source but changes significantly during the heat release to the sink. The evaporation curve (blue dashed line) is a horizontal straight line, whereas the heat release curve (red dashed line) is an oblique curve, as shown in Figure 3c .
Step 5: Evaluation of the Heat Pump Suitability to Different Process GCC Profiles
The heat duties, inlet and outlet temperatures of the heat source and sink vary among different processes. Pinch Analysis with HP placement is used, performing Steps 1-4 for a set of GCC profiles representing processes with different thermal properties. The T-H diagrams of different processes are shown in Figure 4 . The configurations shown represent pairs of process heat sinks and sources of a gradual, steep and medium slope. Combinations of these are possible, but the three configurations in Figure 4 are the basic ones, which help to understand the major trends.
Each of these types of profiles implies a different degree of compatibility with the HP types considered in this work. The compatibility can be qualitatively assessed on the temperature-entropy (T-S) diagrams combining the process heat source/sink profiles with the HP profiles. Such plots are shown in Figure 5 . The solid red lines represent the heat release or condensation of the working fluid in the HP, and the solid blue lines are the heat absorption or evaporation of the working fluid. The red dashed lines represent the heat release of the source, and the blue dashed lines represent the heat absorption of the sink. The performance of these three types of HPs (JCHP/VCHP/TCHP) is calculated by varying the inlet and the outlet temperatures of the process heat source and sink, and relating the results to the possible representations of temperature lifts ∆T in , ∆T out , or ∆T 1 , ∆T 2 (e.g., Equations (3)- (6)).
∆T out = T sink−out − T source−out (4)
where: ∆T in -The inlet temperature difference of the source and sink, • C; ∆T out -The outlet temperature difference of the source and sink, • C; ∆T 1 -The difference between the inlet temperature of the sink and the outlet temperature of the source, • C; ∆T 2 -The difference between the outlet temperature of the sink and the inlet temperature of the source, • C. 
Step 5: Evaluation of The Heat Pump Suitability to Different Process GCC Profiles
The heat duties, inlet and outlet temperatures of the heat source and sink vary among different processes. Pinch Analysis with HP placement is used, performing Steps 1-4 for a set of GCC profiles representing processes with different thermal properties. The T-H diagrams of different processes are shown in Figure 4 . The configurations shown represent pairs of process heat sinks and sources of a gradual, steep and medium slope. Combinations of these are possible, but the three configurations in Figure 4 . are the basic ones, which help to understand the major trends. Each of these types of profiles implies a different degree of compatibility with the HP types considered in this work. The compatibility can be qualitatively assessed on the temperature-entropy (T-S) diagrams combining the process heat source/sink profiles with the HP profiles. Such plots are 
where: ∆ -The inlet temperature difference of the source and sink, °C; ∆ -The outlet temperature difference of the source and sink, °C; ∆ -The difference between the inlet temperature of the sink and the outlet temperature of the source, °C; ∆ -The difference between the outlet temperature of the sink and the inlet temperature of the source, °C.
Step 6: Discuss and Analyse the Results
To select the HP suitable for each of the possible processes, the solutions obtained during Steps 1-5, provide engineers with sufficient information and understanding of why the proposed measures are appropriate and efficient. The evaluation is performed by the combined use of Pinch Analysis and Petro-SIM to simulate and optimise the HPs. The actions include constructing the GCC of the process and combining it with the plots of the considered HPs. The combined plots are then used for explaining the solutions and relating them to the process specifications-i.e., the temperatures and 
To select the HP suitable for each of the possible processes, the solutions obtained during Steps 1-5, provide engineers with sufficient information and understanding of why the proposed measures are appropriate and efficient. The evaluation is performed by the combined use of Pinch Analysis and Petro-SIM to simulate and optimise the HPs. The actions include constructing the GCC of the process and combining it with the plots of the considered HPs. The combined plots are then used for explaining the solutions and relating them to the process specifications-i.e., the temperatures and heating/cooling duties of the main process, plus the HP properties-i.e., working fluid and operating pressures.
Simulation and Optimisation of Heat Pumps
A series of simulations and optimisations were performed by changing the inlet and outlet temperatures of the source and sink to study the performance of these different HP cycles in different scenarios. The settings of parameters and variables of the HP are shown in Table 1 . ∆T min denotes the specifications of the minimum allowed temperature differences of the heat exchangers. The pressure differences (∆P) between the stream inlets and outlets of the heat exchangers in the HP are all 50 kPa. In the "Adjust" unit, the heat transfer duty of the heat exchanger Cold-side-HX is set to 10 MW by adjusting the flowrate of stream Source-in, which is the optimisation variable. The optimisation objective is to maximise the COP. Based on the simulation results, the application range of these three types of HPs is classified and can be predicted, mapping their suitability for the various process heat source and sink scenarios. The simulation results of the considered scenarios are shown in Figures 6 and 7 . In Figure 6 , the performance as a function of the temperature lifts expressed as the inlet and outlet temperature differences is evaluated. Figure 7 provides an evaluation of the COP as a function of the temperature lift expressed as ∆T 1 and ∆T 2 . The simulation results of the considered scenarios are shown in Figure 6 and Figure 7 . In Figure  6 , the performance as a function of the temperature lifts expressed as the inlet and outlet temperature differences is evaluated. Figure 7 provides an evaluation of the COP as a function of the temperature lift expressed as ∆T1 and ∆T2.
Case 1. COP modelled as a function of the temperature lift represented by ∆Tin and ∆Tout The variation of COP of different HPs with ∆Tin and ∆Tout is shown in Figure 6 . As can be seen from Figure 6a , when 0 °C < ∆Tin < 30 °C and 30 °C < ∆Tout < 80 °C, the COP of JCHP-Ar decreased with the increase of ∆Tin, but did not change much with ∆Tout. The COP of JCHP-CO2 decreased with the increase of ∆Tin but did not change much with ∆Tout, as Figure 6b illustrates. This indicates that, when the inlet temperature difference (∆Tin) between the heat source and sink is not significant, even if the outlet temperature difference (∆Tout) between the two is very large (such as ∆Tout increasing to 80 °C), the COP of the actual JCHP is still very high. It can be seen that the JCHP is very suitable for processes where the ∆Tout is massive, and ∆Tin is small. The smaller ∆Tin, the higher is the COP of JCHP.
When 0 °C < ∆Tin < 30 °C and 30 °C < ∆Tout < 80 °C, the COP of the evaluated VCHP decreased with the increase of ∆Tout, but did not change much with ∆Tin, as can be detected from Figure 6c . Therefore, when ∆Tout between the source and sink is small, even if the ∆Tin between the two is significant (the maximum ∆Tin can only be equal to the ∆Tout), the COP of the actual VCHP is higher. The observations imply that VCHP is very suitable for processes where the temperature difference (∆T) between the heat source and sink is not large. The smaller ∆Tout, the higher is the COP of VCHP.
The COP of the evaluated TCHP decreased with the increase of ∆Tout and ∆Tin when 0 °C < ∆Tin < 30 °C and 30 °C < ∆Tout < 80 °C, as can be detected from Figure 6d . The observations imply that the application scope of TCHP is relatively narrow. TCHP is very suitable for processes where the ∆Tin is small and ∆Tout < 40 °C. The variation trend of TCHP is not very regular, and the performance contours are less noticeable. This is because TCHP is a transcritical cycle, and the thermophysical properties of CO2 in the supercritical state are nonlinear, as the substance does not behave like a gas or a liquid. This makes it necessary to model the HP behaviour also as a function of the other two temperature lift representations: ∆T1 and ∆T2, by analogy with heat exchanger temperature differences and the T-S diagrams of the HP cycles. The variation trend of TCHP is not very regular, and the performance contours are less noticeable. This is because TCHP is a transcritical cycle, and the thermophysical properties of CO2 in the supercritical state are nonlinear, as the substance does not behave like a gas or a liquid. This makes it necessary to model the HP behaviour also as a function of the other two temperature lift representations: ∆T1 and ∆T2, by analogy with heat exchanger temperature differences and the T-S diagrams of the HP cycles. The variation of COP of different HPs with ∆T in and ∆T out is shown in Figure 6 . As can be seen from Figure 6a , when 0 • C < ∆T in < 30 • C and 30 • C < ∆T out < 80 • C, the COP of JCHP-Ar decreased with the increase of ∆T in , but did not change much with ∆T out . The COP of JCHP-CO 2 decreased with the increase of ∆T in but did not change much with ∆T out , as Figure 6b illustrates. This indicates that, when the inlet temperature difference (∆T in ) between the heat source and sink is not significant, even if the outlet temperature difference (∆T out ) between the two is very large (such as ∆T out increasing to 80 • C), the COP of the actual JCHP is still very high. It can be seen that the JCHP is very suitable for processes where the ∆T out is massive, and ∆T in is small. The smaller ∆T in , the higher is the COP of JCHP.
When 0 • C < ∆T in < 30 • C and 30 • C < ∆T out < 80 • C, the COP of the evaluated VCHP decreased with the increase of ∆T out , but did not change much with ∆T in , as can be detected from Figure 6c . Therefore, when ∆T out between the source and sink is small, even if the ∆T in between the two is significant (the maximum ∆T in can only be equal to the ∆T out ), the COP of the actual VCHP is higher. The observations imply that VCHP is very suitable for processes where the temperature difference (∆T) between the heat source and sink is not large. The smaller ∆T out , the higher is the COP of VCHP.
The COP of the evaluated TCHP decreased with the increase of ∆T out and ∆T in when 0 • C < ∆T in < 30 • C and 30 • C < ∆T out < 80 • C, as can be detected from Figure 6d . The observations imply that the application scope of TCHP is relatively narrow. TCHP is very suitable for processes where the ∆T in is small and ∆T out < 40 • C.
The variation trend of TCHP is not very regular, and the performance contours are less noticeable. This is because TCHP is a transcritical cycle, and the thermophysical properties of CO 2 in the supercritical state are nonlinear, as the substance does not behave like a gas or a liquid. This makes it necessary to model the HP behaviour also as a function of the other two temperature lift representations: ∆T 1 and ∆T 2 , by analogy with heat exchanger temperature differences and the T-S diagrams of the HP cycles. The change of COP of different HPs with ∆T in and ∆T out is studied by fixing the outlet temperature of sink T sink-out to a certain level. In this study the T sink-out is set as 50 • C. When T sink-out is 50 • C, the change of COP of the different HPs with ∆T 1 and ∆T 2 is shown in Figure 7 . It can be seen that the COP of JCHP-Ar decreased with the increase of ∆T 1 and ∆T 2 . The COP of JCHP-CO 2 first increased and then decreased with the increase of ∆T 1 and ∆T 2 , featuring a maximum. The COP of VCHP and TCHP decreased with the increase of ∆T 1 , but did not change much with ∆T 2 .
It can be seen from Figure 7d that when the temperature difference ∆T 1 is small, even if the temperature difference ∆T 2 is large, the COP of the TCHP is higher. The TCHP is then very suitable for a small temperature rise ∆T 1 (preferably ∆T 1 ≤ 10 • C) combined with a large ∆T 2 process.
In conclusion, the observations imply from 
Case Studies
This section analyses the integration of the different types of HPs using industrial examples to assess the practicability of the conclusion of Section 3. The optimisation objective function is the COP of the HP.
Formulation and Development: Process Integration Using JCHP, VCHP and TCHP
Four different industrial processes have been studied. The first process is a spray drying process of milk powder in a dairy factory [35] , and its GCC is shown in Figure 8 . The second process is also from dairy product processing [36] , which uses raw milk to produce concentrated milk, pasteurised milk, cream, yoghurt and dessert. The GCC for that is shown in Figure 9 . The third example is from candy processing and packaging in a candy factory [37] . The GCC is shown in Figure 10 . The fourth process is a 4-column double-effect methanol distillation in a chemical plant [38] . The GCC is shown in Figure 11 . The ∆T min between the heat source/sink and the working fluid in the HP cycle is 5 • C. The compressors and expanders of the JCHP adopt centrifugal force rotating system structure, and their isentropic efficiency can be as high as 96%. The compressors of VCHP and TCHP are ordinary turbocompressors. In this study, isentropic efficiency is assumed to be 65%.
Case 1: Milk Spray Drying Process
The spray drying process of the milk powder was integrated with the HP. The stream data were only adopted the spray drying process from Atkins et al. [35] , as shown in Table 2 . The ∆Tmin of the process is 20 • C. As can be seen from the GCC in Figure 8 , the Pinch Temperature of this process is 65 • C. The hot utility required is 17.66 MW and the cold utility required is 5.36 MW. It is assumed that all the source energy is used to heat the sink when the process is integrated with a HP. The heat duty of the heat exchanger at the source side for the HP is fixed 5.36 MW. The allowed range of the independent variables and the optimisation results of a spray dryer with an integrated HP (maximising the COP) are shown in Table 3 . For evaluation and interpretation, the GCC of the process integrated with different types of HPs is given, as shown in Figure 8 . As can be seen from Table 3 , the four HPs (JCHP-Ar, JCHP-CO 2 , VCHP and TCHP) can save 47%, 46%, 66% and 69% of the hot utility by improving the waste heat quality of the process. The ranking of best COP of the HPs is JCHP-CO 2 > JCHP-Ar > VCHP > TCHP when integrating with this process. The reason can be seen in Figure 8 , showing that the inlet temperature difference ∆T in between source and sink is too small, while the outlet temperature difference ∆Tout is too large. That is, the slopes of source and sink are both steep in the GCC.
In the HP cycle, the working fluid of the JCHP does not undergo a phase change and remains in the gas phase. As a result, the ∆T between the inlet and the outlet of the working fluid in the JCHP changes significantly in the heat exchange with source or sink. The slope of the working fluid is relatively large in GCC, as shown in Figure 8a ,b.
The working fluid of VCHP is evaporated during heat exchange with the source and is condensed during heat exchange with the sink, so the phase transition occurs. Therefore, in the heat exchange with the source or sink, the ∆T between the inlet and the outlet of the working fluid in the VCHP changes a little. The slope of the working fluid is small in GCC, as shown in Figure 8c . The reason for the temperature difference in the red dashed line in Figure 8c is that the working fluid becomes a superheated gas after increasing the pressure by the compressor. In the heat exchanger hot-side-HX, the working fluid is cooled to a saturated gas and then condensed to a liquid. Therefore, the red dashed line is tilted first and then becomes horizontal. However, when the working fluid is a gas that cools down from the superheated state to the saturated state, the CP is small, and the heat exchange efficiency is low. At the same time, the sink is a gas that the CP is small and the sink slope is large during the heat exchange, so the oblique part of the red dashed line is longer. The working fluid of TCHP is evaporated during exchanging heat with the source, while is supercritical fluid during heat transfer with the sink. As the slope of the working fluid is small during the heat transfer with the source in the GCC, whereas the slope of the working fluid is significant in the heat exchange with sink in the GCC, as shown in Figure 8d . In this case, the average temperature between working fluid and source/sink in JCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher, and affects the COP positively. The average temperature between the working fluid and the source/sink in VCHP and TCHP is large, so the energy loss is higher, the heat exchange efficiency is smaller and affects the COP negatively. The performance of VCHP and TCHP are both weak. In addition, the compression ratio of the compressor in VCHP is 17.40 too high for a single stage. This means that multiple stages of compression would be required, resulting in a substantial increase in the cost of the compressor and a higher cost for VCHP. The outlet pressure of the compressor in TCHP is very high (18.65 MPa). This means high-pressure requirements for equipment of TCHP, with very high equipment investment costs. The economy of the VCHP and TCHP are both weak, and this process is more suitable for Heat Integration with JCHP, which is consistent with the conclusion of Section 3. It can be seen that the method proposed in this study is feasible and effective.
Case 2: Raw Milk Processing into Dairy Products
The stream data are taken from Wallerand et al. [36] , as shown in the Appendix A (Table A1 ). The ∆T min of the process is 4 • C. As can be seen from the GCC in Figure 9 , the Pinch Temperature of this process is 66.9 • C. The hot utility required is 2.34 MW and the cold utility required is 0.94 MW. It is assumed that the heat duty of the heat exchanger at the source side is fixed 0.71 MW. Both the process heat source and the sink undergo a phase transition. The source needs to be condensed, and the sink needs to be heated and evaporated. The pressure differences of the heat exchangers on the source side and sink sides are both set 0 kPa. The setting range of independent variables and optimisation results of HP integration into a dairy product process are shown in Table 4 . The GCC of the dairy products process integrated with different types of HPs is shown in Figure 9 . As can be seen from Table 4 , the four HPs (JCHP-Ar, JCHP-CO 2 , VCHP, and TCHP) can save 43%, 39%, 33%, and 78% of the hot utility by improving the waste heat quality of the process. The ranking of the HP COPs is VCHP > JCHP-CO 2 > JCHP-Ar > TCHP when integrating with the dairy products process.
The reason can be seen in Figure 9 . The ∆T in and the ∆T out between the source and the sink are both too small (1.5 • C). The slopes of both the source and sink in the GCC plot are too small (flat). As the working fluid of the JCHP remains a gas across the whole HP cycle, the ∆T between the inlet and the outlet of the working fluid in the JCHP varies significantly in the heat exchange with source or sink. The slope of the working fluid is relatively large in the GCC, as shown in Figure 9a ,b. As the working fluid of the VCHP is evaporated during heat exchange with the source and is condensed during heat exchange with the sink, the ∆T between inlet and outlet of the working fluid in the VCHP does not change in the heat exchange with the source or sink. The slope of the working fluid is small in the GCC, as shown in Figure 9c . The working fluid of TCHP is evaporated during exchanging heat with the source, whereas it is a supercritical fluid during the heat transfer to the sink. Therefore, the slope of the working fluid is small in the heat exchange with the source in the GCC, while the slope of the working fluid is steep in the heat exchange with sink in GCC, as shown in Figure 9d . In this case, the average temperature between the working fluid and the source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher and affects COP positively. Although the average temperature between working fluid and source/sink in JCHP and TCHP is large, so the energy loss is higher, the heat exchange efficiency is smaller, and affects negatively to the COP. The performance of JCHP and TCHP are both weak. In addition, the outlet pressure of the compressor in TCHP is too high (17.54 MPa) . This means high-pressure requirements for equipment of TCHP, with very high equipment investment costs. The TCHP economy is weak. This process is more suitable for Heat Integration with VCHP, which is consistent with the conclusion of Section 3. It can be seen that the method proposed in this study is feasible and effective.
The GCC of the dairy products process integrated with different types of HPs is shown in Figure  9 . As can be seen from Table 4 , the four HPs (JCHP-Ar, JCHP-CO2, VCHP, and TCHP) can save 43%, 39%, 33%, and 78% of the hot utility by improving the waste heat quality of the process. The ranking of the HP COPs is VCHP > JCHP-CO2 > JCHP-Ar > TCHP when integrating with the dairy products process. The reason can be seen in Figure 9 . The ∆Tin and the ∆Tout between the source and the sink are both too small (1.5 °C). The slopes of both the source and sink in the GCC plot are too small (flat). As the working fluid of the JCHP remains a gas across the whole HP cycle, the ∆T between the inlet and the outlet of the working fluid in the JCHP varies significantly in the heat exchange with source or sink. The slope of the working fluid is relatively large in the GCC, as shown in Figure 9a ,b. As the working fluid of the VCHP is evaporated during heat exchange with the source and is condensed during heat exchange with the sink, the ∆T between inlet and outlet of the working fluid in the VCHP does not change in the heat exchange with the source or sink. The slope of the working fluid is small in the GCC, as shown in Figure 9c . The working fluid of TCHP is evaporated during exchanging heat with the source, whereas it is a supercritical fluid during the heat transfer to the sink. Therefore, the slope of the working fluid is small in the heat exchange with the source in the GCC, while the slope of the working fluid is steep in the heat exchange with sink in GCC, as shown in Figure 9d . In this case, the average temperature between the working fluid and the source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher and affects COP positively. Although the average temperature between working fluid and source/sink in JCHP and TCHP is large, so the energy loss is higher, the heat exchange efficiency is smaller, and affects negatively to the COP. The performance of JCHP and TCHP are both weak. In addition, the outlet pressure of the compressor in TCHP is too high (17.54 MPa). This means high-pressure requirements for equipment of TCHP, with very high equipment investment costs. The TCHP economy is weak. 
Case 3: Candy Processing and Packaging
The process of candy processing and packaging was evaluated for HP integration. The stream data were taken from Miah et al. [37] and are listed in the Appendix A (Table A2 ). The ∆T min of the process is 5 • C. As can be seen from the GCC in Figure 10 , the Pinch temperature of this process is 19.5 • C. The hot utility required is 1.82 MW and the cold utility required is 0.33 MW. It is assumed that all the source energy is used to heat the sink when the process is integrated with a HP, fixing the source duty to 0.33 MW. The pressure differences of the heat exchangers on the source side and sink sides are both 50 kPa. The setting ranges of the independent optimisation variables and optimisation results of a process of candy processing and packaging integration HP are shown in Table 5 . with this process. The reason can be seen in Figure 10 , stemming from the fact that the ∆Tin between the source and the sink is approximately the same as the ∆Tout. The slopes of source and sink are both small in the GCC. As the working fluid of the JCHP does not undergo a phase change remaining gas, the ∆T between inlet and outlet of the working fluid in JCHP changes significantly in the heat exchange with both the source and the sink. The slope of the working fluid is relatively large in the GCC (Figure 10a,b) . Due to the phase changes of the working fluid of the VCHP, the ∆T between the inlet and outlet of the working fluid in the VCHP change very little. The slope of the working fluid is small in the GCC, see Figure 10c . For the TCHP, the slope of the working fluid is small in the heat exchange with source in the GCC, whereas the slope of the working fluid is large in the heat exchange with sink in the GCC, see Figure 10d . In this case, the average temperature between working fluid and source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher and affects the COP positively. Although the average temperature between working fluid and source/sink in JCHP and TCHP is large, and therefore the energy loss is higher, the heat exchange efficiency is smaller and affects negatively the COP. The performance of JCHP and TCHP are both weak. This process is more suitable for heat integration with a VCHP, which is consistent with the conclusion of Section 3. 
Case 4: Methanol Distillation Process
The methanol distillation process was evaluated for HP integration based on the stream data from a 4-column double-effect methanol distillation process of a chemical plant [38] . The data are given in the Appendix A (Table A3 ). The ∆Tmin of the process is 15 °C. As can be seen from the GCC in Figure 11 , the Pinch Temperature of this process is 74.26 °C. The hot utility required is 138.48 MW and the cold utility required is 139.90 MW. It is assumed that the heat duty of the heat exchanger at the sink side is fixed 20.86 MW. The pressure differences of the heat exchangers at source side are set 50 kPa, and at the sink, the side is set 0 kPa. The setting range of independent variables and optimisation results of a 4-column double-effect methanol distillation with an integrated HP are shown in Table 6 . Finally, for more intuitive display the results, the GCC of a 4-column double-effect methanol distillation process integrated with different types of HPs is given, as shown in Figure 11 . For intuitive display of the results and analysis, the GCC of the process combined with the HPs is shown in Figure 10 . As can be seen from Table 5 , the four HPs (JCHP-Ar, JCHP-CO 2 , VCHP and TCHP) can save 29%, 25%, 24% and 37% of the hot utility by improving the waste heat quality of the process. The ranking of the HP COPs is VCHP > JCHP-CO 2 > JCHP-Ar > TCHP when integrating with this process. The reason can be seen in Figure 10 , stemming from the fact that the ∆T in between the source and the sink is approximately the same as the ∆T out . The slopes of source and sink are both small in the GCC. As the working fluid of the JCHP does not undergo a phase change remaining gas, the ∆T between inlet and outlet of the working fluid in JCHP changes significantly in the heat exchange with both the source and the sink. The slope of the working fluid is relatively large in the GCC (Figure 10a,b) . Due to the phase changes of the working fluid of the VCHP, the ∆T between the inlet and outlet of the working fluid in the VCHP change very little. The slope of the working fluid is small in the GCC, see Figure 10c . For the TCHP, the slope of the working fluid is small in the heat exchange with source in the GCC, whereas the slope of the working fluid is large in the heat exchange with sink in the GCC, see Figure 10d .
In this case, the average temperature between working fluid and source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher and affects the COP positively. Although the average temperature between working fluid and source/sink in JCHP and TCHP is large, and therefore the energy loss is higher, the heat exchange efficiency is smaller and affects negatively the COP. The performance of JCHP and TCHP are both weak. This process is more suitable for heat integration with a VCHP, which is consistent with the conclusion of Section 3.
The methanol distillation process was evaluated for HP integration based on the stream data from a 4-column double-effect methanol distillation process of a chemical plant [38] . The data are given in the Appendix A (Table A3 ). The ∆T min of the process is 15 • C. As can be seen from the GCC in Figure 11 , the Pinch Temperature of this process is 74.26 • C. The hot utility required is 138.48 MW and the cold utility required is 139.90 MW. It is assumed that the heat duty of the heat exchanger at the sink side is fixed 20.86 MW. The pressure differences of the heat exchangers at source side are set 50 kPa, and at the sink, the side is set 0 kPa. The setting range of independent variables and optimisation results of a 4-column double-effect methanol distillation with an integrated HP are shown in Table 6 . Finally, for more intuitive display the results, the GCC of a 4-column double-effect methanol distillation process integrated with different types of HPs is given, as shown in Figure 11 . As can be seen from Table 6 , the HPs can save 15% of the hot utility by improving the waste heat quality of the process. The ranking of the HP COPs is VCHP > JCHP-CO 2 > JCHP-Ar > TCHP when integrating with this process. The reason can be seen in Figure 11 and is related to the observation that the ∆Tin between source and sink is small, while the ∆Tout is too significant. The slopes of source and sink are both steep in the GCC. The ∆T between the inlet and outlet of the working fluid in JCHP changes significantly in the heat exchange with both the source and the sink. The slope of the working fluid is relatively large in the GCC, as shown in Figure 11a ,b. For the VCHP, in the heat exchange with the source and the sink, the ∆T between the inlet and outlet of the working fluid in VCHP change very little. The slope of the working fluid is small in the GCC-see Figure 11c . The TCHP shows a different behaviour due to the transcritical nature of the heat release part. The slope of the working fluid is small in the heat exchange with source in the GCC, while the slope of the working fluid is steep in the heat exchange with sink in the GCC, as shown in Figure 11d . In this case, the average ∆T between working fluid and source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher, and COP is affected positively. Although the average ∆T between working fluid and source/sink in JCHP and TCHP is massive, and thus the energy loss is higher, the heat exchange efficiency is smaller, and this affects the COP negatively. The performance of the JCHP and the TCHP are both weak. In addition, the outlet pressure of the compressor in TCHP is too high (25.71 MPa) . This means high-pressure requirements for equipment of TCHP, with high equipment investment cost. The TCHP economy is likely to be poor. This process is more suitable for heat integration with VCHP, which is consistent with the conclusion of Section 3.
For the optimal COP of JCHP, the reason for the large ∆T between the working fluid and the source/sink after heat exchange can be seen in Figure 12 . The figure shows the relationship between power consumption and COP of JCHP with compression ratio. In the JCHP, the heat load of the sinkside heat exchanger Qh and the outlet pressure of the expander are fixed. By changing the outlet pressure of the compressor, a series of work required by the compressor, work produced by the expander and COP are obtained. It can be seen from Equation (1) that the COP is inversely proportional to the power consumption of the HP when Qh is constant. In this case, the average ∆T between working fluid and source/sink in VCHP is small, so the energy loss of the heat exchangers is lower, the heat exchange efficiency is higher, and COP is affected positively. Although the average ∆T between working fluid and source/sink in JCHP and TCHP is massive, and thus the energy loss is higher, the heat exchange efficiency is smaller, and this affects the COP negatively. The performance of the JCHP and the TCHP are both weak. In addition, the outlet pressure of the compressor in TCHP is too high (25.71 MPa) . This means high-pressure requirements for equipment of TCHP, with high equipment investment cost. The TCHP economy is likely to be poor. This process is more suitable for heat integration with VCHP, which is consistent with the conclusion of Section 3.
For the optimal COP of JCHP, the reason for the large ∆T between the working fluid and the source/sink after heat exchange can be seen in Figure 12 . The figure shows the relationship between power consumption and COP of JCHP with compression ratio. In the JCHP, the heat load of the sink-side heat exchanger Q h and the outlet pressure of the expander are fixed. By changing the outlet pressure of the compressor, a series of work required by the compressor, work produced by the expander and COP are obtained. It can be seen from Equation (1) that the COP is inversely proportional to the power consumption of the HP when Q h is constant.
is, the increase of the outlet pressure of the compressor compared to inlet pressure), the power consumption of the JCHP first decreases and then increases. The COP of JCHP increases first and then decreases with the increase of compressor compression ratio. That is, there is an optimal pressure for the optimal COP of the JCHP. When the outlet pressure of the compressor is lower than the optimal pressure, although the outlet temperature of the compressor decreases (that is, the inlet temperature of the working fluid exchanging heat with the source decreases and the temperature difference decreases), the COP of JCHP is not optimal. The same is true for the sink side. 
Evaluation
The results of the Heat Integration of the four industrial processes with HPs are compared. They are summarised in Table 7 . For the processes with steep source and sink slopes, such as the spray drying process of the milk powder in a dairy factory in Case Study 1, the average ΔT of working fluid and source/sink in JCHP As can be seen from Figure 12 , with the increase of the compression ratio of the compressor (that is, the increase of the outlet pressure of the compressor compared to inlet pressure), the power consumption of the JCHP first decreases and then increases. The COP of JCHP increases first and then decreases with the increase of compressor compression ratio. That is, there is an optimal pressure for the optimal COP of the JCHP. When the outlet pressure of the compressor is lower than the optimal pressure, although the outlet temperature of the compressor decreases (that is, the inlet temperature of the working fluid exchanging heat with the source decreases and the temperature difference decreases), the COP of JCHP is not optimal. The same is true for the sink side.
The results of the Heat Integration of the four industrial processes with HPs are compared. They are summarised in Table 7 . For the processes with steep source and sink slopes, such as the spray drying process of the milk powder in a dairy factory in Case Study 1, the average ∆T of working fluid and source/sink in JCHP is small, resulting in a small energy loss and high heat exchange efficiency. The COP of JCHP is large, so it is appropriate to choose the JCHP.
When the source and sink slope of process is gentle or (nearly) flat, for example, as in the dairy product processing of Case Study 2 and the candy processing and packaging in Case Study 3, the VCHP is most suitable because the average ∆T of the working fluid and source/sink are small, the energy loss is small resulting in high thermal efficiency and high COP values. In Case Study 2, the ∆T in is as low as 1.5 • C, and the COP of VCHP is as high as 13.07.
From Case Study 2 to Case Study 3, the ∆T in increased from 1.5 • C to 11.84 • C, and the COP of the VCHP decreased from 13.07 to 4.44. Therefore, the smaller the ∆T in between source and sink is, the larger is the COP of the VCHP. The COP of the VCHP decreased rapidly with the increase of ∆T in between source and sink. However, the COP of JCHP decreased less with the increase of ∆T in between source and sink.
The application scope of the TCHP is limited. The TCHP is more appropriate for a process with a relatively gentle source slope and a relatively steep sink slope. The best process is one which the inlet temperature of the source is less than or equal to 20 • C, and the ∆T in between the source and sink is less than 10 • C.
Conclusions
Several main types of HPs have been critically analysed for obtaining rules and criteria on appropriate HP selection for various process configurations. In addition to the relatively recent JCHP, other HP types are in use and have been industrialised, including the VCHP and TCHP types. This paper performs a comparative evaluation of the performance of the Heat Integration scenarios of different HP types (VCHP, TCHP and JCHP) and processes, by applying the Petro-SIM process simulator and Pinch Analysis.
An answer is provided to the question of which type of HP is most suitable for a specific process. The results show that for processes with larger source and sink slopes on the T-H plot, the COP of JCHP is higher, and JCHP is more suitable. For processes with a relatively smaller and medium slope of the source and sink T-H profiles, the COP of VCHP is relatively large, and VCHP is more suitable. The scope of application of TCHP is small.
For processes with a relatively low source T-H slope and a relatively large sink T-H slope, the COP of TCHP is more substantial, and it is appropriate to select it. Because the critical temperature of CO 2 is 31.26 • C, the added constraint in this context is a process for which the source inlet temperature is lower than 20 • C, the sink temperature requires more than 40 • C, and the ∆T in between the source and the sink is less than 10 • C.
By improving the waste heat quality of the process, the HPs can save 15 to 78% of the hot utility. The smaller the ∆T in between source and sink is, the larger is the COP of the VCHP. The ∆T in increased from 1.5 • C to 11.84 • C, and the COP of the VCHP decreased from 13.07 to 4.44. The COP of the VCHP decreased rapidly with the increase of ∆T in between source and sink. However, the COP of JCHP decreased less with the increase of ∆T in between source and sink.
It is shown that if an inappropriate HP is selected to integrate with the process, the COP of the HP would decline, which may lead to an increase in investment and a decrease in the economy of the HP. In the extreme cases, the differences between the most and the least suitable integration mappings can be of the order of 100% and up to tenfold. This shows the importance of performing such an analysis and making the correct choice of a HP.
For the different scenarios of Heat Integration with HPs, this study can provide guidance and suggestions for the selection of HPs, enabling a quick selection of the appropriate HPs. A simplifying assumption for the current work is the use of the COP of the HP-process combinations as the performance criterion, land considering the investment cost of HPs only qualitatively. The full analysis, relaxing this assumption and considering the investment and analysis of the economy is planned for future work. The future research will be targeted to find the balance between the COP and the economy of the HP application.
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